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Introduction
The alarming increase in the incidence of obesity and its comorbidities (dyslipidemia, insulin resistance/type II diabetes and hypertension) has led to an increased incidence of the metabolic syndrome (MetS) (Eckel et al., 2005) . Individually, these cardiometabolic abnormalities represent risk factors for cardiovascular disease and acute myocardial infarction (AMI) (Kannel et al., 1961; Kannel et al., 1965) . Besides increasing the risk of coronary artery disease (CAD) by promoting atherosclerosis, obesity is also an independent risk factor for heart failure (Kenchaiah et al., 2002) which is seemingly caused by abnormal myocardial triglyceride accumulation and lipotoxicity associated with obesity (Christoffersen et al., 2003; Polidori et al., 2009) . Lipotoxicity has the potential to compromise myocardial pro-survival kinase function (Reperfusion Injury Salvage Kinase -RISK pathway) to promote apoptosis which could induce adverse cardiac remodeling and decrease left ventricular (LV) function and tolerance to ischaemia (Chess et al., 2008) .
Ourselves ) and others (Avelar et al., 2007; Norton et al., 2009; have demonstrated that obesity may accelerate hypertension induced cardiac remodelling and left ventricular dysfunction. Our data suggests that in combination with hypertension, obesity promotes cardiomyocyte apoptosis, LV dilatation and pump dysfunction. Several other mechanisms for obesity induced cardiac remodelling have however been proposed (Alpert, 2001; Chess et al., 2008; Lopaschuk et al., 2007) . Increased blood volume (Alpert, 2001 ) and insulin resistance (Chess et al., 2008 ) associated with obesity have been implicated in the aetiology of obesity induced cardiac remodelling and LV pump dysfunction.
Lipotoxicity, Cardiac Remodelling and Ventricular Dysfunction:
Lipotoxicity caused by abnormal myocardial lipid accumulation plays an important role in cardiac remodelling and loss of function in obesity (Chess et al., 2008; Lopaschuk et al., 2007) . Although lipids are continually taken up and metabolised by the myocardium, elevated myocardial acetyl-CoA in obesity exceeds the myocardial ability to metabolise acetyl-CoA (Lee et al., 2006) . Accumulated acetyl-CoA serves as a precursor in non-oxidative pathways, resulting in the formation of diacylglycerol (DAG), ceramide and triglycerides (Trigs) (Chess et al., 2008; Lopaschuk et al., 2007) . DAG increases protein kinase C (PKC) activation while ceramide promotes mPTP opening and apoptosis (Agudo-Lopez et al., 2011; Chess et al., 2008) .
Lipotoxicity also promotes ER stress, ER reactive oxygen species (ROS) formation and apoptosis (Gustafsson et al., 2007; Lu et al., 2007; Nishida et al., 2008; Santos et al., 2011) .
Insulin Resistance, Cardiac Remodelling and Mechanical Dysfunction: Obesity with dyslipidaemia is closely associated with insulin resistance (Turinsky et al., 1990; Yu et al., 2002; Zhang et al., 2010) which plays a key role in both LV pump dysfunction (Buchanan et al., 2005; Ouwens et al., 2007) and myocardial ischaemic intolerance in obesity (du Toit et al., 2005; du Toit et al., 2008; Nduhirabandi et al., 2011) . The hyperinsulinaemia of insulin resistance could also contribute to abnormal cardiac remodelling and LV pump dysfunction through the growth promoting properties of insulin (Abel et al., 2008) .
Besides its metabolic and growth promoting effects, insulin resistance also adversely affects insulin receptor activation of the pro-survival PI3K-Akt pathway (Dhanasekaran et al., 2008) .
These signalling changes potentially contribute to left ventricular cell loss, wall thinning (Millis et al., 2012) , and decreased LV pump function (Young, 2010) .
Metabolic Syndrome and Ischaemic Tolerance:
Ourselves (Clark et al., 2011; du Toit et al., 2005; du Toit et al., 2008; Essop et al., 2009; Maarman et al., 2012; Nduhirabandi et al., 2011) and others (Bouhidel et al., 2008; Katakam et al., 2007; Wagner et al., 2008) have shown that diet induced obesity with insulin resistance (MetS) decreases myocardial resistance to ischaemia/reperfusion injury. Clinically, MetS is strongly associated with increased incidence of myocardial infarction (Ninomiya et al., 2004) and an increase in morbidity after an acute myocardial infarction (Clavijo et al., 2006) . Despite compelling evidence to suggest that obesity with insulin resistance (MetS) decreases myocardial tolerance to ischaemia in humans and animal models, the cellular mechanisms for this decreased ischaemic tolerance is poorly understood.
The ability of the heart to withstand injury during ischaemia/reperfusion depends in part upon normal expression and functionality of pro-survival RISK pathways (Downey et al., 2007; Halestrap et al., 2007; Hausenloy et al., 2009) . The RISK pathway comprises cell surface Gprotein coupled receptors (GPCRs), a signalling kinase network (e.g. PI3K-Akt-eNOS, Erk1/2, PKC, p38-MAPK, GSK3β), and the end effectors (K ATP channels and the mitochondrial permeability transition pore -mPTP). Central to this pathway is the pro-survival/anti-apoptotic protein kinase PKB/Akt which is also key in both myocardial insulin signalling (Bertrand et al., 2008) and myocardial hypertrophy (Bernardo et al., 2010) .
Changes in insulin signalling as occurs in insulin resistance may therefore have a significant impact on functionality of the RISK pathway.
Although we have previously shown that MetS decreases myocardial tolerance to ischaemia in our rodent model, the mechanisms for this decreased ischaemic tolerance have not been elucidated and were investigated in this study. We also set out to determine whether obesity with insulin resistance causes adverse cardiac remodeling and cardiac dysfunction and, whether cellular mechanisms implicated in obesity induced cardiac remodeling are involved in this model. We hypothesized that MetS induces adverse cardiac remodeling and LV pump dysfunction and decreases myocardial tolerance to ischaemia by compromising myocardial RISK pathway functionality. We assessed myocardial morphology, mechanical function, infarct size and the expression and activation of signaling proteins (Akt, GSK-3β, eNOS, Bcl-2 and Bax) implicated in myocardial RISK signaling and apoptosis in lean and in obese, insulin resistant rats.
Methods

Ethical approval
All studies were approved and performed in accordance with the guidelines of the Animal Ethics Committee of Griffith University, which is accredited by the Queensland Government, carbohydrates, 24% proteins and 6% fat while the HFD contained: 70% carbohydrates, 15% proteins and 15% fat). Both groups were allowed ad libitum access to fresh food and water daily. Seven rats from each dietary group were randomly assigned for ex vivo Langendorff perfusion experiments. Left ventricular function before and after 40 min coronary artery ligation (CAL) was assessed and infarct size quantified. The remaining 8 rats from each group were used for myocardial sample collection for biochemical analysis of blood, Western Immunoblot analysis, hydroxyproline determination and histology.
Biochemical Analyses
Animals set aside for biochemical analyses were anaesthetised, blood collected and heart excised. Peritoneal and retro-peritoneal fat was removed and weighed. Serum triglycerides, high density lipoprotein (HDL) cholesterol and glucose levels were determined in fresh whole-blood using a Blood-Lipid and Glucose Analyser (L.D.X. Cholestech Analyser, Alere™, Australia). For serum analysis, remaining blood samples were placed in serum separation tubes (BD Vacutainer tubes), centrifuged and serum stored at -80 °C for later analysis. Levels of insulin (ALPCO Immunoassays™, Salem) were determined in 96-well enzyme-linked immunosorbant assay's (ELISAs) according to manufacturer instructions. To assess insulin resistance in control and obese animals the homeostasis model assessment (HOMA) index was determined. Fasting blood glucose and insulin levels were used to determine the HOMA index using the standard formula: [fasting insulin (μIU/ml) x fasting glucose (mmol/l)] / 22.5.
Assessment of in vivo Cardiac Structure and Function Using Echocardiography
Echocardiography was performed at 4 week intervals to assess myocardial dimensions and mechanical function. A 710B ultrasound scanhead (Visualsonics) and a Vevo 770 High Resolution In Vivo Micro-imaging System (Visualsonics) was used to determine cardiac dimensions in all echocardiographic analysis. The scanhead was mounted on a purpose built micromanipulator and stage on which the rat was placed and secured. All rats were anaesthetised (5% isofluorane, (Delvet, Australia) in 100% medical-grade oxygen), placed on the micromanipulator stage, ECG electrodes attached with ECG and heart and respiration rates recorded throughout the procedure. Core temperature was monitored using a rectal thermometer and maintained at 37 o C.
Parasternal long axis imaging was used to quantify left ventricular dimensions using M-mode imaging. Left ventricular wall thickness and chamber width was measured at the left anterior papillary muscle. Parasternal short axis imaging was achieved by rotating the scanhead through 90-degrees and repeating the measurements using M-mode imaging. All anatomical M-mode images were quantified in accordance with the American Society of Echocardiography's border definitions (Foppa et al., 2005) .
Ex Vivo Heart Perfusions
Rats were anaesthetized (60 mg/kg sodium pentobarbital i.p.) and hearts perfused in a Langendorff mode as described in detail previously (du Toit et al., 2005; du Toit et al., 2008; Essop et al., 2009; Maarman et al., 2012; Nduhirabandi et al., 2012) . Briefly, hearts were excised into ice-cold perfusion fluid, the aorta cannulated and coronary vessels perfused at a pressure of 100 cm H 2 O with modified Krebs-Henseleit buffer containing (in mM): 118 NaCl, 25 NaHCO 3 , 4.7 KCl, 1.75 CaCl 2 , 1.2 MgSO 4 , 11 D-glucose, and 0.5 EDTA.
Perfusion fluid was saturated with 95% O 2 -5% CO 2 at 37°C giving a pH of 7.4. A fluid-filled polyvinyl chloride film balloon was inserted into the left ventricle and connected to a P23XL pressure transducer (Viggo-Spectramed, USA) for measurement of ventricular pressure.
Balloon volume was adjusted to an initial end-diastolic pressure of 4-6 mmHg and then left unchanged. Functional data were recorded at 1 KHz on a 4-channel MacLab system (ADInstruments, Australia) connected to an Apple iMac computer. Peak systolic, diastolic and developed pressures, heart rate, and rates of contraction or relaxation over time (dP/dt) were documented. Coronary flow was monitored via volumetric analysis of coronary effluent.
After balloon placement, hearts were immersed in a water-jacketed chamber maintained at 37°C. Temperature of perfusion fluid was monitored by a needle thermometer probe (Model 52II, Fluke Corporation, Australia) in the coronary sinus. Hearts were excluded from study after a 15-min stabilization period if they failed to meet any of the following functional criteria: i) coronary flow >25 ml/min, ii) unstable (fluctuating) contractile function, iii) left ventricular systolic pressure <90 mmHg, or iv) significant cardiac arrhythmias.
After an initial 15 min stabilization period hearts were switched to ventricular pacing at 300 beats/min (Grass S9 stimulator, Quincy, USA), normalizing rate to allow comparison of ratedependent measures of contractile function (systolic and developed ventricular pressures) and inotropic state (dP/dt). Baseline measures were made at 10 min intervals for 30min before hearts were subjected to 40 min coronary artery ligation (normothermic regional ischemia) followed by 120 min of aerobic reperfusion. Pacing was terminated on initiation of ischemia and resumed after 5 min of reperfusion.
Myocardial Infarct Size Quantification
At the end of reperfusion hearts were stained with Evan's blue dye (Sigma, USA), frozen at -20 °C overnight and triphenyltetrazolium chloride (TTC) stained the following morning to define area at risk and viable and infarcted myocardium. Infarct size was expressed as a percentage of the area at risk and was quantified by volumetric planimetry using a flat-bed scanner for image capture and computer software for analysis (UTHSCSA Image Tool, V3).
Western Immunoblot Analyses
Left ventricular tissue samples were homogenized in lysis buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 1.5 mmol/l MgCl 2 , 1 mmol/l EGTA, 10% glycerol plus 8.6 μmol/l leupeptin, 5.8 μmol/l pepstatin A, 4 mmol/l phenylmethylsulfonyl fluoride, 0.6 μmol/l aprotinin, 4 mmol/l sodium fluoride, and 0.8 mmol/l sodium orthovanadate) and centrifuged at 10000 g for 15 min to remove nuclei and debris. Since protein activation processes may involve translocation from soluble to particulate fractions, we investigated expression of total and phosphorylated protein in both membrane and cytosolic fractions. The supernatant was centrifuged at 10,000 g to enrich for the cytosolic fraction, with the pelleted membrane fraction re-suspended by ultra-sonication in a lysis buffer containing 1% Triton X. Fraction ), Bax, Bcl-2 followed by secondary antibody application
(1:2500, Cell Signalling; 1:10 000, Santa Cruz) and ECL. Equal sample loading was confirmed by co-analysis of actin or GAPDH. Protein was detected by X-ray film, and densitometry assessed using NIH Image 1.63, with total expression and phosphorylation ratios normalized to values for untreated control (CD) tissue for the purposes of comparison across groups.
Histology and Oil Red-O staining
Heart tissue samples collected at the time of sacrifice were mounted in optimum cutting temperature (OCT) compound (Tissue-Tek), and stored at -80°C until processed. Sections were cut (10μm widths) using a CM1850 microtome (Leica) and mounted on Superfrost Plus slides (Lomb). Slides were air dried for 60 min and fixed in ice-cold formalin for 10 min before being rinsed three times using distilled water. Sample dehydration was achieved by transferring slides into 100% propylene glycol for 5 min before being stained in 60°C Oil
Red-O solution (composed of 0.5% Oil Red-O stain in 100% propylene glycol). Slides were differentiated in 85% propylene glycol for 2 min, followed by two rinses in distilled water.
They were then transferred into Mayer's haematoxylin for 30 sec to stain for nuclei. Once removed from Mayer's haematoxylin, slides were rinsed in distilled water, before a drop of glycerine jelly was applied to the slide for mounting. Photomicrographs were taken at 20x optic zoom using a B201 light microscope (Olympus, Australia). Lipid content in the sections was quantified using Daime digital image analyser (version 2).
Hydroxyproline assay for myocardial total collagen content
Myocardial hydroxyproline content was determined using methods described previously Stegemann et al., 1967) .
Statistical Analyses
Unless otherwise stated, all results are expressed as means ± S.E.M. A two-tailed Student's ttest was employed to contrast measures between control and obese groups, with multi-way ANOVA used for multiple comparisons. Evidence of statistical significance was accepted for P<0.05.
Results
Characteristics of Obese and Lean Animals
Rats on the HFD became obese with 20% greater body mass and two-fold increases in visceral fat content (Table 1) . HFD fed rats were dyslipidaemic with a two-fold increase in serum triglyceride levels in obese rats. Fasting blood glucose levels were comparable between the two groups however HOMA-IR indices and insulin levels were elevated in the obese, HFD fed rats compared to controls (Table 1) .
In Vivo Cardiac Structure and Function
Cardiac morphology and left ventricular function was assessed at 4 week intervals for 22 weeks of the 32 week feeding program to monitor myocardial structural remodelling during the development of obesity. Posterior wall thickness and left ventricular mass remained unchanged between the two groups ( Table 2) . Left ventricular mechanical function (ejection fraction, fractional shortening, stroke volume and cardiac output) was assessed and remained similar over the 22 weeks for the two groups.
Ex vivo Pre-ischaemic and Reperfusion Myocardial Function
Rate pressure product (RPP) was assessed before and after 40 min CAL. Pre-ischaemic RPP was similar in the two groups of animals (25867±1376 bpm*mmHg for the Control hearts vs.
22240±1112 bpm*mmHg for the Obese hearts). Reperfusion RPP was however reduced in hearts from the obese rats throughout reperfusion (Figure 1 ). RPP after 120 min reperfusion was 18564±963 for the control hearts and 13116±562 for the obese rat hearts (p<0.05).
Impact of Obesity on Myocardial Infarct Size
Hearts from the obese rats had larger myocardial infarct sizes after 40 min CAL than the lean littermate controls (36.28±5.56% for Obese vs. 14.14±2.8% of the area at risk for Controls, p=0.004) (Figure 2 ).
Myocardial Lipid and Hydroxyproline Content
Lipids: Oil red-O staining indicated greater intracellular and extracellular triglyceride accumulation in the hearts from the obese animals than the controls. One of the 8 control hearts stained positive for intracellular lipids while 7 of the 9 obese rat hearts stained positive for intracellular lipid droplets (p=0.015). Three of 8 control hearts and 6 of 9 obese hearts stained positive for extracellular lipids in the myocardium (p=0.23) ( Figure 3A&B ). The increase in myocardial lipid content in obese hearts is further demonstrated by a 36-fold increase in the total tissue triglyceride content compared with the lean hearts ( Figure 3B ).
Collagen content: Myocardial collagen content as assessed from total myocardial hydroxyproline concentrations was similar in the control and obese rat hearts (0.90±0.02 µg/mg w.w. for control (n=8) and 0.65±0.08 µg/mg w.w. for obese rat hearts (n=8), p=0.21).
Myocardial Expression of Pro-and Anti-Apoptotic Proteins
There were no differences in the myocardial expression of the pro-apoptotic Bax or the antiapoptotic Bcl-2 in the hearts from obese animals compared with their control littermates.
Expression and Activity/Phosphorylation of RISK Pathway Proteins
Both total and phosphorylated Akt expression was decreased (p<0.05)in the membrane and cytosolic fractions of the hearts from obese rats ( Figure 4A & 4B).
Myocardial total GSK-3β expression was decreased in the cytosolic and membrane fractions of the hearts from obese rats ( Figure 5A ) while phospho-GSK-3β expression was reduced in the cytosolic but not in the membrane fraction of hearts from the obese rats ( Figure 5B ).
Endothelial NOS was only present in the membrane fraction of the myocardium with total eNOS expression being reduced in the hearts from the obese rats ( Figure 6 ).
Discussion
In this study we demonstrate that diet induced obesity causes dyslipidaemia and insulin resistance. These obesity induced changes were associated with increased myocardial lipid accumulation without promoting myocardial pro-apoptotic signaling, adverse cardiac remodeling or LV pump dysfunction. The hearts from the obese, insulin resistant (MetS) rats were however less resistant to ischaemia/reperfusion injury and had larger infarcts and poorer reperfusion LV function compared to those from lean insulin sensitive littermates. The decrease in myocardial ischaemic tolerance in the obese, insulin resistant animals was associated with decreased basal expression and/or phosphorylation of key pro-survival kinases of the RISK pathway.
Effects of Obesity on Cardiac Structure and Function
Obesity induced changes in cardiac structure may be elicited directly by obesity induced increases in cardiac loading conditions (preload and afterload) or indirectly by obesity induced cardio-metabolic abnormalities such as dyslipidaemia and insulin resistance/diabetes.
In obesity chronically elevated circulating free fatty acids cause abnormal tissue triglyceride accumulation and lipotoxicity which potentially promotes apoptosis and adverse cardiac remodeling (Christoffersen et al., 2003; Polidori et al., 2009 ).
Role of Obesity Induced Insulin Resistance in Cardiac Remodelling:
Obesity induced insulin resistance (with associated hyperinsulinaemia) may induce cardiac remodelling via the growth promoting properties of insulin (Abel et al., 2008) or by attenuating the anti-apoptotic signaling of the PI3K-Akt pathway elicited by insulin receptor activation (Dhanasekaran et al., 2008) . These changes potentially contribute to abnormal rates of apoptosis, LV wall thinning and adverse remodelling (Millis et al., 2012) .
Lipotoxicity and Apoptosis: Lipotoxicity caused by abnormal intracellular lipid accumulation
potentially plays an important role in cardiac remodelling and loss of function in obesity (Chess et al., 2008) . Although lipids are continually taken up and metabolised by the myocardium, the levels of acetyl-CoA in the myocardium in obesity exceed its ability to metabolise acetyl-CoA (Lee et al., 2006) causing DAG, ceramide and Trigs accumulation (Lopaschuk et al., 2007) . Elevated myocardial ceramide concentrations increase PKC-ε activation which promotes mPTP opening, cytochrome c release and apoptosis (Agudo-Lopez et al., 2011; Chiu et al., 2001) . Lipotoxicity also causes ER stress, increased ER ROS formation and mitochondrial mPTP opening (Santos et al., 2011) which suppresses prosurvival Bcl-2 expression (Lu et al., 2007) and promotes the translocation of pro-apoptotic Bax and Bad to the mitochondrial membrane (Gustafsson et al., 2007) , where they form a channel that facilitates cytochrome c release (Nishida et al., 2008) .
We have previously shown that obesity promotes cardiac dilatation and pump dysfunction in spontaneously hypertensive rats (SHR) and that these changes in cardiac structure and function were associated with increased myocardial apoptosis and collagenase (MMP-2) activity in obesity with hypertension ). In the current study we used echocardiography to track possible changes in LV structure (LV mass, anterior and posterior wall thickness and LV volume) and function (fractional shortening, stroke volume, cardiac output and ejection fraction) in our normotensive lean insulin sensitive and obese insulin resistant rats. There were no differences in these parameters in the obese, insulin resistant animals when compared to their lean insulin sensitive littermates. These data suggest that in vivo cardiac structure was unchanged by obesity with insulin resistance and support our previous observations in Wistar rats ) and those of others (Carroll et al., 2006) who demonstrated no change in several measures of cardiac structure/morphology in normotensive, obese, insulin resistant rats.
Although data from our previous study in SHRs suggests that obesity may promote apoptosis and cardiac dilatation in these hypertensive rats the data from the current study support our observations regarding the effects of isolated obesity (without hypertension) on cardiac remodelling. Despite evidence to suggest that there was myocardial lipid accumulation in the obese, insulin resistant rats (Figure 3 ), there were no differences in myocardial Bcl-2 and Bax expression in the hearts from the obese rats when compared with lean controls.
The effect of obesity with insulin resistance on myocardial function is controversial. Clinical studies have reported unaltered LV function (Stoddard et al., 1992; Peterson et al., 2004) diastolic dysfunction (Berkalp et al., 1995; Pascual et al., 2003; Peterson et al., 2004; Stoddard et al., 1992; Zarich et al., 1991) or subclinical systolic dysfunction (Scaglione et al., 1992; Wong et al., 2006) in obese patients. In animal models obesity and insulin resistance has been reported to increase (Buchanan et al., 2005) , have no effect (Mazumder et al., 2004) , or decrease left ventricular function in rabbits (Carroll et al., 1997) , rats (du Toit et al., 2008; Wilson et al., 2007) and mice (Aasum et al., 2008) .
Contrary to our current findings suggesting that obesity with insulin resistance has no effect on in vivo cardiac function, studies have documented cardiac dysfunction in lean insulin resistant animals (Ouwens et al., 2007; Vasanji et al., 2006) . In one of these studies (Ouwens et al., 2007) rats were however hypo-insulinaemic and hyperglycemic which would suggest they were overtly diabetic. In addition, since insulin is known to have some positive inotropic effects (Baron, 1994; Ferrannini et al., 1993 ) the hypo-insulinaemia in these animals may have contributed to the decreased contractile function observed in this study. Similar decreases in ex vivo cardiac function in insulin resistant obese rats (Wold et al., 2005) and mice (Dong et al., 2006) have been documented using isolated heart models to assess LV function. These studies were however performed without fatty acids or insulin in the perfusion medium which may contribute to the cardiac dysfunction observed. Other research groups have demonstrated a dependence of hearts from obese, insulin resistant animals on elevated free fatty acid and insulin levels for the maintenance of normal left ventricular systolic function (Buchanan et al., 2005; Mazumder et al., 2004) .
Data obtained from the ex vivo experiments support our echocardiography data. No changes in basal LV function (RPP) were observed with obesity and insulin resistance when assessed using the Langendorff perfusion model (Figure 1 ). Although these data are contrary to our previous observations using the working heart model (du Toit et al., 2005; du Toit et al., 2008; Nduhirabandi et al., 2011) , they support our findings (Maarman et al., 2012) indicating that cardiac functional deficits are not detected in these insulin resistant hearts when function is assessed using the isovolumic Langendorff perfusion heart model. These discrepancies are evidently due to differences in loading conditions between the two ex vivo heart perfusion models and are not yet fully understood.
Effect of Obesity with Insulin Resistance on Myocardial Tolerance to Ischaemia
We have previously shown that the hearts from obese insulin resistant animals are less tolerant of ischaemia/reperfusion (Clark et al., 2011; du Toit et al., 2005; du Toit et al., 2008; Essop et al., 2009; Maarman et al., 2012; Nduhirabandi et al., 2011) than their lean insulin sensitive littermates. Although we were able to demonstrate that chronic angiotensin receptor antagonism with losartan (du Toit et al., 2005) , CPT-1 inhibition with oxfenicine (Maarman et al., 2012) , antioxidant treatment with melatonin (Nduhirabandi et al., 2011) , or insulin treatment during ischaemia (du Toit et al., 2008) improved myocardial ischaemia/reperfusion tolerance in these animals, the cellular mechanisms for this reduced ischaemic tolerance are not well understood.
The ability of the heart to withstand injury during ischaemia/reperfusion depends in part upon normal expression and functionality of pro-survival RISK pathways which comprises of cell surface GPCRs, a signalling kinase network (e.g. PI3K-Akt-eNOS, Erk1/2, PKC, p38-MAPK, GSK3β), and the end effectors (K ATP channels and the mitochondrial permeability transition pore -mPTP) (Downey et al., 2007; Halestrap et al., 2007; Hausenloy et al., 2009 ).
Activation of the RISK pathway during ischaemia and particularly during reperfusion confers myocardial protection against ischaemia/reperfusion injury and is believed to be the underlying mechanism for the protection elicited by both pre-and post-conditioning.
Previous studies have investigated the effects of obesity on myocardial responses to preconditioning and post-conditioning and demonstrated that these hearts are refractory to these cardioprotective interventions (Bouhidel et al., 2008; Katakam et al., 2007; Wagner et al., 2008) . Reduced responsiveness to ischaemic preconditioning (Wagner et al., 2008) and impaired expression/activation of RISK pathway proteins (Nduhirabandi et al., 2011) suggest that dysfunctional pro-survival signalling may contribute to the ischaemic intolerance in obesity with insulin resistance. In this study we report that although obesity with insulin resistance had no effect on the expression of proteins directly implicated in apoptosis (Bcl-2 and Bax), hearts from obese animals had compromised basal expression and activation/phosphorylation of proteins involved in pro-survival RISK pathway signalling (Figures 4-6 ). Not only was the expression of various proteins decreased in obese insulin resistant rat hearts, but phosphorylation/activation of these proteins was also decreased.
These data provide evidence to suggest that compromised RISK pathway function may be involved in the decreased myocardial tolerance to ischaemia/reperfusion seen in obese, insulin resistant hearts.
The clinical importance of the elucidation of the mechanistic pathways underlying decreased myocardial tolerance to ischaemia/reperfusion in obesity and insulin resistance cannot be overstated. The current data suggest compromised RISK pathway functionality in these animals. Pharmacological activation and manipulation of the RISK pathway may be effective in reducing the severity of ischaemia/reperfusion injury in obese, insulin resistant AMI patients and patients undergoing elective cardiac surgery. Several clinical studies have already demonstrated that pharmacological interventions that activate the RISK pathway (Kloner et al., 2006; Nikolaidis et al., 2004; Piot et al., 2008) or block the mPTP (Piot et al., 2008) improve percutaneous coronary intervention (PCI) outcomes and may be particularly effective in an obese insulin resistant patient cohort.
The Impact of Fatty Acids on Myocardial Ischaemia/Reperfusion Injury:
There is strong evidence to suggest that elevated circulating fatty acids as seen in obesity may adversely affects myocardial tolerance to ischaemia (Kantor et al., 1999; Liedtke et al., 1988) .
Although fatty acids were not included in the perfusion medium in the current study we have previously investigated the effects of fatty acids and insulin on myocardial tolerance to ischaemia in this model of MetS (du Toit et al., 2008) . We found that although the inclusion of insulin in the perfusion medium improved myocardial tolerance to ischaemia in both the lean and obese insulin resistant rat hearts, the addition of free fatty acids to the perfusion medium in concentrations that matched those in the circulation in the obese and lean rats exacerbated ischaemic/reperfusion injury in both groups of hearts. The addition of fatty acids to the perfusion medium in these studies doubled the infarct size in both lean and obese hearts when compared to hearts perfused with glucose and insulin alone (du Toit et al., 2008) .
These observations were further corroborated by studies in which we induced in vivo infarcts in this model of diet induced obesity and observed similar infarct sizes to those documented in the ex vivo working heart model with insulin and fatty acids in the perfusion medium (Clark et al., 2011) .
Conclusions
Obesity with insulin resistance had no effect on cardiac structure or in vivo and ex vivo left ventricular pump function in our rodent model of obesity and MetS. Obesity with insulin resistance however increased myocardial lipid content and decreased myocardial tolerance to ischemia/reperfusion. This reduction in ischaemia/reperfusion tolerance was likely due to compromised RISK pathway function in the obese, insulin resistant rat hearts. Figure 5B. Effects of obesity on myocardial phospho-GSK-3β expression in cytosolic and membrane fractions (* p<0.05). Expression data is normalized to values for control hearts.
Representative Western blots are presented below each bar.
Data are means ± S.E.M. (n=5). 
